Immunotherapy in cancer
=======================

"Evading immune destruction" has recently been introduced by Hanahan and Weinberg in the revised definition of "hallmarks of cancer," illustrating the remarkable progress made in the last decade to describe the role of inflammation in promoting cancer development.[@b1-itt-3-039] It is well established that, during its progression, cancer 1) triggers an immune response, then 2) co-opts the immune cells and mediators for tumor growth and survival, and 3) can evade immune-mediated killing. The concept of cancer vaccine, a T-cell-based immunotherapy approach meant to eradicate cancer cells while establishing long lasting antitumor memory, has its roots in the demonstration that nascent cancer cells and their cortege of associated neoantigens trigger endogenous immune responses. Tumor-infiltrating cluster of differentiation (CD)8^+^ cytotoxic T lymphocytes (CTL) that recognize and eliminate cancer cells in an antigen specific manner are usually associated with antitumor immune response.[@b2-itt-3-039],[@b3-itt-3-039] However, even though numerous Phase I/II clinical trials demonstrated the proof of principle that antitumor immune responses can be efficiently induced, the paucity of objective clinical responses and data showing a benefit to patients forced the reconsideration of immunotherapeutic approaches.[@b4-itt-3-039] One major obstacle for successful T-cell-based immunotherapies is the ability of cancer to escape the immune response by either suppressing the expression of tumor-associated antigens (loss of antigen, downregulation of major histocompatibility complex \[MHC\]), or subverting the tumor-associated inflammation via the recruitment of suppressive cells, like regulatory T cells (Treg) or immature myeloid cells, leading to inhibition of immune effectors such as CTL and natural killer (NK) cells.[@b5-itt-3-039],[@b6-itt-3-039] Molecular identification of these protumoral mediators (including interleukin \[IL\]-6, IL-23, and vascular endothelial growth factor \[VEGF\]) and immunosuppressive pathways (including signal transducer and activator of transcription \[STAT\]3, immune checkpoints such as programmed cell death protein 1\[PD-1\] or cytotoxic T-lymphocyte antigen 4 \[CTLA-4\]) have led to the development of immune targets for cancer therapy as recently successfully demonstrated in clinical trials.[@b7-itt-3-039],[@b8-itt-3-039] Ipilimumab, a monoclonal antibody (mAb) which blocks the immunomodulatory receptor CTLA-4 was approved by the Food and Drug Administration for the treatment of metastatic melanoma in 2011.[@b9-itt-3-039] Similarly, successful clinical studies using the blockade of the PD-1/programmed cell death 1 ligand 1 (PD-L1) immunomodulatory pathway predict the rapid approval of these drugs for the treatment of advanced cancers such as refractory melanoma, renal carcinoma, and lung cancer.[@b10-itt-3-039] This recent breakthrough in cancer immunotherapy justifies taking a closer look at biomarkers that can predict clinical outcome and response to therapies. For instance, the expression of PD-L1, an immunosuppressor ligand long considered to be a negative prognostic marker because it blocks the action of activated PD1^+^ CTL, was upregulated on melanoma cells in response to interferon gamma (IFN-γ) production.[@b11-itt-3-039] In this study, PD-L1 became a biomarker of endogenous antitumor immune activity, predicting a positive clinical response to the PD-1 blockade.

These findings and others proved that local immune reactions influence the clinical outcome in human tumors and their response to treatment.[@b12-itt-3-039] Whereas the density of CD8^+^ CTL and CD45RO^+^ memory T cells in tumor is correlated with better prognosis in a variety of cancers, the prognostic value of CD4^+^ cells infiltration, including Treg and IL-17A (IL-17) producing T helper 17 (Th17) cells, remains largely unclear. In recent times, IL-17 and Th17 detection have gained a lot of attention in the field and have triggered a lot of controversy in terms of their functional impact and significance as prognostic biomarkers. The nature of cytokines produced in the tumor niche and the respective tissue surroundings would determine the beneficial versus the detrimental effects of IL-17-mediated inflammation in cancer.[@b11-itt-3-039],[@b13-itt-3-039] However, much remains to be understood before we can consider Th17 a target for immune interventions in cancer therapy.

Physiological roles of IL-17 and Th17 cells
===========================================

The Th17 group of cells was introduced in 2005 as a new committed lineage of CD4 cells, distinct from the IFN-γ-producing Th1, IL-4-producing Th2, and forkhead box P3^+^ (Foxp3^+^) Treg.[@b14-itt-3-039],[@b15-itt-3-039] Upon stimulation, naïve T cells commit to one of these Th subsets endowed with specific functions. The context in which a naïve T cell is stimulated, including the array of cytokines present and transcription factors activated, determines CD4 Th polarization. Although these different CD4 Th lineages were previously thought to be mutually exclusive, recent studies suggest Th subsets are functionally flexible.[@b16-itt-3-039] Th17 cells are particularly well appreciated for their plasticity.[@b17-itt-3-039] They can express Foxp3, produce IL-10, and become suppressive.[@b18-itt-3-039]--[@b20-itt-3-039] Alternatively, Th17 cells can upregulate T-box transcription factor (TBET), produce IFN-γ, and mediate pathogenic or antitumor functions.[@b21-itt-3-039],[@b22-itt-3-039] Nevertheless, the Th17 lineage is known for producing the iconic IL-17, as well as IL-17F, IL-22, and IL-21, which critically impact inflammation and tumor-associated immunity.[@b23-itt-3-039]--[@b25-itt-3-039] The extremely dynamic nature of CD4 cell polarization is a feature of equally dynamic regulation driven by local environmental changes and epigenetics.[@b17-itt-3-039] Adding to Th17 instability, a variety of cell subsets have been identified as a source of IL-17 to date, highlighting the essential distinction that should be made between targeting Th17 or IL-17 as a strategy for cancer therapeutics.[@b26-itt-3-039]

Sources of IL-17
----------------

IL-17 is a member of the IL-17 family which also includes IL-17B, IL-17C, IL-17D, IL-17E (IL-25), and IL-17F. IL-17A and IL-17F share the most homology and are produced as homodimers (A/A and F/F) or heterodimers (A/F).[@b27-itt-3-039] Murine Th17 cells, which are commonly derived in vitro by activation of naïve uncommitted CD4^+^ T cells in the presence of transforming growth factor beta (TGF-β), IL-6, and IL-23/IL-1β, remain rare in vivo in peripheral compartments such as blood and secondary lymphoid structures. However, they naturally concentrate in mucosal areas where they play an active role in keeping the microbial flora and pathogenic microorganisms at bay. Th17 cells are especially abundant in gut associated lymphoid tissues, where they have the crucial function, along with Treg, of allowing colonization by commensal flora without provoking tissues damage.[@b28-itt-3-039] Under pathologic circumstances, Th17 cells accumulate in inflamed tissues during different types of events such as infections, autoimmune diseases, or neoplasia. It is now well appreciated that IL-17 produced by Th17 cells represents only a fraction of the total IL-17. Other sources of IL-17 are innate cells, including γδ-T cell receptor (TCR)^+^ T cells, which are particularly potent producers of IL-17 when stimulated by IL-1β or IL-23, independently of TGF-β and TCR ligation.[@b29-itt-3-039] To date, the other cells described as sources of IL-17 include NK cells, lymphoid tissue inducer cells, and innate lymphoid cells.[@b26-itt-3-039] Though controversial, myeloid-derived cells including polymorphonuclear cells, macrophages, and mast cells producing IL-17 have also been reported as sources.[@b30-itt-3-039]--[@b32-itt-3-039] These innate immune cells could represent an early source of IL-17, intervening before the differentiation of Th17 cells and potentially influencing the ensuing Th17 response.[@b29-itt-3-039] It is likely that the prognostic value of IL-17 detection in cancer differs depending on its source.

Th17 differentiation in tumor microenvironment
----------------------------------------------

### Plasticity of Th17 cells

Programming uncommitted Th cells (Th0) to become Th17 cells requires the combined action of soluble mediators (IL-6, TGF-β, and IL-23) and activation of STAT3 and retinoic acid receptor related orphan receptor gamma (RORγt) transcription factors.[@b33-itt-3-039] Alternatively, the combination of IL-1β, IL-6, and IL-23 has also been shown to sustain differentiation of Th17 in a TGF-β-independent manner.[@b21-itt-3-039] Indeed, conditional deletion of TGF-β signaling in murine CD4 cells did not compromise Th17 differentiation in the intestinal lamina propria.[@b21-itt-3-039] IL-23 is involved in the maintenance of Th17 and the production of IL-17 by memory T cells, whereas TGF-β is thought to facilitate Th17 differentiation by repressing Th1 and Th2 polarizations.[@b22-itt-3-039],[@b34-itt-3-039] TGF-β-dependent and independent Th17 cells were distinguished by distinct functions and transcription profile ([Figure 1](#f1-itt-3-039){ref-type="fig"}).[@b21-itt-3-039] IL-6 and TGF-β induce poorly pathogenic Th17, characterized by the production of IL-10.[@b20-itt-3-039] IL-23 in vivo holds a decisive role in stabilizing the Th17 phenotype, but also in inducing pathogenic properties of Th17 cells with production of IFN-γ and granulocyte-macrophage colony-stimulating factor (GM-CSF).[@b35-itt-3-039] However, the dispensability of TGF-β has faced some controversy recently, since TGF-β is widely expressed by tissue and immune cells. Thus, it is not clear whether a TGF-β-independent Th17 commitment is physiologically relevant.[@b36-itt-3-039] RORγt must cooperate with other transcription factors such as RORα, STAT3, and interferon regulatory factor 4 (IRF4) to drive the differentiation of the Th17 lineage.[@b37-itt-3-039],[@b38-itt-3-039] Interestingly, other immune and metabolic conditions, including the amount of available IL-2, tryptophan metabolites (indoleamine 2,3-dioxygenase \[IDO\] activity), and hypoxia present in the milieu of a neoplasm, may drive the differentiation of Th toward the Th17 lineage.[@b39-itt-3-039]--[@b41-itt-3-039] IL-2 promotes Foxp3 expression in Th17 and inhibits its differentiation via the activation of STAT5 signaling, which was shown to compete with STAT3 for binding to the promoter of *Il17a* gene.[@b39-itt-3-039] Treg were demonstrated to regulate the IL-2- dependent STAT5 signaling by absorbing the IL-2 in the microenvironment, paradoxically promoting Th17 differentiation.[@b42-itt-3-039] Yet, Foxp3^+^ Treg can also regulate Th17 function through an IL-10/STAT3 pathway.[@b43-itt-3-039],[@b44-itt-3-039] Dang et al recently showed that hypoxia directs the differentiation of CD4 cells toward Th17, rather than Treg via hypoxia-inducible factor 1-alpha (HIF 1-α) which activates the transcription of RORγt and targets Foxp3 to proteasomal degradation.[@b40-itt-3-039] IDO is a tryptophan-catabolizing enzyme with potent immunosuppressive functions in the tumor microenvironment (TME), especially via its impact on Treg.[@b45-itt-3-039] It was recently shown that inhibition of IDO might reprogram Treg into Th17, resulting in increased CD8^+^ T cell infiltration and antitumor activity.[@b41-itt-3-039] A similar functional plasticity demonstrated by the Treg allows skewing of Foxp3^+^ Tregs toward Th17 in the presence of IL-1β or IL-23.[@b46-itt-3-039] Conversely, Th17 cells isolated from tumors were able to upregulate Foxp3 upon in vitro TCR-mediated stimulation and to convert to Treg with immunosuppressive functions independent of IL-10 and TGF-β.[@b18-itt-3-039] Clearly, there is a finely regulated balance between Treg and Th17 differentiation, tuned by inflammatory mediators and the metabolism of the TME. The plasticity of Th17 cells is further demonstrated by their ability to upregulate IFN-γ and TBET, which orchestrate Th1 differentiation and mediate potent antitumor responses. Th17 or IL-17-producing CD8^+^ T cells (Tc17) injected into tumor-bearing mice can convert into Th1 or CTL, respectively, to promote antitumor responses.[@b47-itt-3-039],[@b48-itt-3-039] Given the aforementioned descriptions, the ontogenic and functional adaptive ability of Th17 accounts, at least in part, for the complexity of the clinical significance attributed to their detection in the TME (pro- versus anti-tumoral).

### The role of antigen-presenting cells in Th17 polarization

It is not yet fully understood what factors in the TME turn CD4^+^ Th into "bad" or "good" Th17 cells. The nature of antigen-presenting cells (APC) and their cytokine profiles (IL-1β, IL-23, or TGF-β), which induce Th17 in regional lymph nodes or in tumor tissues, is thought to dictate the functional properties of Th17 in these tissues. APC and especially dendritic cells (DC), which are mainly involved in the education of naïve T cells in the lymph nodes, are also important sources of TGF-β in the TME. Integrin αvβ8 on DC was shown to play an important role in TGF-β activation and Th17 differentiation since mice lacking αvβ8 were fully protected from Th17-dependent experimental autoimmune encephalomyelitis.[@b49-itt-3-039] Th17 can also be generated in the TME from effector memory cells. Studies have shown that tumor-associated macrophages (TAM) and resident DC are efficient in inducing antitumor Th17 response in ovarian cancer.[@b50-itt-3-039],[@b51-itt-3-039] Tumor-associated macrophages were especially potent inducers of Th17 polarization through the production of IL-1β, in the TME, whereas blocking IL-6 or TGF-β did not affect Th17 polarization and IL-23 was barely detectable in ascites produced by ovarian carcinomas.[@b50-itt-3-039] IL-1β produced by APC in tumor lesions can contribute to the differentiation of antitumor skewed Th17 cells, which produce IFN-γ and induce the recruitment of effector cells.[@b51-itt-3-039] Divergently, blocking IL-23 was shown to dramatically mitigate IL-17 production, impeding carcinogenesis in a murine model of colitis-associated cancer.[@b52-itt-3-039] It is possible that the differential amount of TGF-β, IL-23, and/or IL-1β in the TME of these types of cancers may lead to functionally distinct Th17 subsets. Taken together, these studies suggest that influencing the recruitment and nature of APC (eg, producers of TGF-β, IL-23, and IL-1β) in the TME may become an effective strategy to improve antitumoral immunity.[@b53-itt-3-039]

Th17 and IL-17 functions in cancer
----------------------------------

IL-17 is a pleiotropic proinflammatory cytokine whose impact in tumor progression is highly context-dependent. However, discrepancies observed regarding its role in the TME seem to be largely dependent on the experimental model utilized: transplantable tumors versus de novo carcinogenesis;[@b54-itt-3-039],[@b55-itt-3-039] lymphopenic versus immunocompetent systems;[@b47-itt-3-039],[@b56-itt-3-039]--[@b58-itt-3-039] over-expressed IL-17 versus endogenous IL-17 ([Table 1](#t1-itt-3-039){ref-type="table"}).[@b55-itt-3-039],[@b57-itt-3-039]

### IL-17 receptor signaling

Th17 are largely devoid of the effector molecules granzyme and perforin, suggesting that they do not exert effector functions by themselves. Instead, Th17 cells are proinflammatory as a result of their signature cytokines IL-17 and IL-17F, which mediate the recruitment of effector lymphocytes and phagocytes that dispose compromised cells and pathogens. They also play an active role in tissue repair. Although more work needs to be done to delineate the differential inflammatory properties of IL-17 and IL-17F, recent experimental models of inflammation using selective genetic ablation of either *Il17a* or *Il17f* genes showed that both cytokines mediate distinct proinflammatory functions. IL-17F, but not IL-17, knockout (KO) mice exhibit defective airway neutrophilia in response to allergen.[@b59-itt-3-039] The molecular mechanisms of their functional specificity are not yet understood since they signal through the same heterodimeric IL-17R subunit A/subunit C (IL-17RA/C) receptor and are biologically active as homodimers as well as heterodimers. IL-17R signaling leads to the activation of the nuclear factor-kappaβ (NF-κB) pathway via the interaction of IL-17RA with the adaptor molecule tumor necrosis factor (TNF) receptor associated factor 3 (TRAF3) interacting protein 2 (TRAF3P2 or ACT1) and the TRAF6.[@b27-itt-3-039] In contrast to other cytokines, IL-17/IL-17R signaling does not directly use the Janus kinase (JAK) and STAT transduction routes, but rather induces an indirect activation of the protumoral STAT3 pathway through an IL-6/STAT3 feedforward loop.[@b54-itt-3-039],[@b60-itt-3-039] IL-17R is widely expressed in epithelial cells, fibroblasts, endothelial cells, and hematopoietic cells, mediating IL-17 pleiotropic properties widely in the TME.[@b27-itt-3-039]

### Recruitment of immune effector cells

IL-17 signals epithelial cells and fibroblasts to produce growth factors and a large array of chemokines, which are critical for the immune polarization mediating protumoral versus antitumoral effects. Indeed, in some cancers, such as in the case of non-small-cell lung carcinomas (NSCLC), cervical cancers, or colorectal cancers (CRC), IL-17 induces the secretion of chemokine (C-X-C motif) ligand 1 (CXCL1), CXCL2, CXCL5, and CXCL8, mediating the recruitment of neutrophils, macrophages, and immature myeloid cells, well known for their protumoral function.[@b58-itt-3-039],[@b61-itt-3-039] Conversely, other groups have shown that genetic ablation of IL-17 signaling impairs tumor growth through decreased myeloid-derived suppressor cells (MDSC) accumulation and increased cytotoxic CD8^+^ T cell infiltration.[@b54-itt-3-039],[@b62-itt-3-039]--[@b64-itt-3-039] Also, other tumors such as ovarian carcinomas produce CXCL9 and CXCL10 in the presence of IL-17, which attract effector cells like CD8^+^ CTL and NK cells to mediate antitumor immune response.[@b50-itt-3-039] IL-17 contributes also to the recruitment of APC such as DC via the induction of chemokine (C-C motif) ligand 20 (CCL20) production in the tumor bed.[@b53-itt-3-039],[@b65-itt-3-039] Adoptive transfer of tumor-specific Th17 in a model of pulmonary melanoma showed a dramatic reduction of lung metastasis associated with a CCL20-dependent recruitment of DC and activation of CD8^+^ CTL.[@b53-itt-3-039] These observations unravel that according to the type of cancer cells, activation by IL-17 can lead to opposite effects via the induction of a distinct array of chemokines by target cells.

### Angiogenesis

In a lymphopenic system missing adaptive immunity, IL-17 demonstrated protumoral properties by sustaining angiogenesis and tumor growth.[@b58-itt-3-039] Indeed, IL-17 is a pro-angiogenic factor that induces neovascularization and tumor growth via the direct induction of VEGF and angiogenin-2 production by stromal (myeloid cells and fibroblasts) and epithelial cells.[@b57-itt-3-039],[@b60-itt-3-039],[@b63-itt-3-039],[@b66-itt-3-039],[@b67-itt-3-039] IL-17 can similarly facilitate tumor angiogenesis independently of VEGF via its action on the tumor-associated stromal cells.[@b63-itt-3-039],[@b67-itt-3-039] Chung et al's group showed that IL-17 can activate tumor-associated fibroblasts (TAF) to secrete granulocyte colony-stimulating factor (G-CSF), which in turn attract myeloid cells that produce angiogenic mediators such as prokineticin 2/Bv8, matrix metalloproteinase 9 (MMP9), as well as the proinflammatory S100A8/9 molecules.[@b63-itt-3-039] Importantly, IL-17 also mediates protumoral effects indirectly through the IL-6/STAT3 signaling, promoting the expression of genes involved in cell proliferation and survival (eg, *Cyclin D1*, *Bcl-xl*, or *survivin*).[@b60-itt-3-039]

### Th17-induced tumorigenesis

Two recent experimental models of colitis demonstrated the contribution of the IL-23/Th17 axis in colon tumorigenesis.[@b52-itt-3-039],[@b68-itt-3-039] Wu et al were able to reduce enterotoxigenic *Bacteroides-fragilis*-driven colon tumorigenesis in mice with heterozygous null mutation of adenomatous polyposis coli (Apc) gene (Min*^Apc^*^−/+^ mice) via neutralization of IL-23R and IL-17.[@b68-itt-3-039] Grivennikov et al showed that genetic deletion of IL-17R or IL-23 deficiency in myeloid cells reduced the tumor burden in Min*^Apc^*^−/+^ mice.[@b52-itt-3-039] The authors proposed that barrier breach provoked by colonic tumors triggered IL-23 production by myeloid cells and Th17 polarization, although the molecular mechanisms sustaining the tumorigenic activities of IL-17 remain largely unknown. Nevertheless, these experimental data concur with the observations made in human CRC, where the IL-17/Th17 signature is associated with diminished survival of patients.[@b13-itt-3-039]

In summary, despite the fact that Th17 cells make up a small part of circulating CD4^+^ T cells (in mice and humans), they accumulate in the TME of most solid tumors when compared to normal counterpart tissues. Different subsets of Th17 (IFN-γ^+^ versus IL-10^+^) are endowed with distinct functions in regards to their ability to promote tumors or, conversely, eliminate tumors. Th17 exercise their opposing functions depending on the features of the TME (nature of the APC, presence of TGF-β, IL-1β or IL-23). These cells can mediate antitumoral effects by their ability to recruit immune effector cells (CTL, NK, DC) into the tumor bed and they can promote tumor growth by means of angiogenesis (production of VEGF, angiogenic chemokines) and/or through immunosuppression (Treg conversion, MDSC recruitment) ([Figure 2](#f2-itt-3-039){ref-type="fig"}). Th17 cells are functionally unstable and capable of converting into Treg or Th1-type cells causing antagonistic consequences in tumor immunity. Moreover, discrepancies have been found when comparing the development of Th17 in humans as opposed to murine models, emphasizing the need to exercise caution when extrapolating between species.[@b69-itt-3-039] The preceding described aspects of the Th17 biology account for the complexity of IL-17/Th17 significance in human cancer and the uncertainty of using this biomarker for therapeutic purposes.

Clinical implications
=====================

Th17 cells are key players in inflammation and autoimmune disorders; however, the clinical significance of their detection in the TME remains unclear. The phenotypic and functional heterogeneity of the Th17 lineage along with its functional plasticity underscore the context-dependency of their prognostic and therapeutic implications as a cancer-associated biomarker (cancer type and stage, infiltration density, nature, and location). Importantly, in light of recent studies seeking to demonstrate a link between IL-17 detection and cancer promotion ([Table 2](#t2-itt-3-039){ref-type="table"}), a distinction should be made between IL-17 and Th17. A variety of cell types characterized by distinct cytokine profiles and effector functions are able to produce IL-17. Many reports state that IL-17 protein and/or messenger RNA (mRNA) are detected in tumor beds, but the cellular sources of production were often not characterized.[@b70-itt-3-039]

The prognostic value of IL-17 and/or Th17 in cancer
---------------------------------------------------

### Blood versus tumor tissues

A growing list of cancers has recently been investigated for the presence of Th17 cells in order to gain insight about the clinical significance of their existence in tumor lesions. However, while most of the studies have been performed with peripheral blood from patients, Th17 cells accumulate predominantly in the neoplastic sites. Yamada et al recently showed the preferential accumulation of Th17 cells in gastric cancer lesions compared to peripheral blood and normal gastric tissue specimens.[@b71-itt-3-039] They also found a strong negative correlation between high level of IL-17 in the sera of gastric cancer patients and their 5-year survival.[@b71-itt-3-039] Unfortunately, they did not address the prognostic value of having IL-17 and/or Th17 detected in stomach samples. Meanwhile, an earlier study performed by Chen et al found that gastric cancer patients expressing higher levels of intratumoral IL-17 had a better survival.[@b72-itt-3-039] Despite relative ease of accessibility, the blood compartment is probably not representative of the intratumoral Th17 response, and investigations should concentrate on determining the clinical impact of tumor infiltrating IL-17-producing cells. Kryczek et al published one of the first comprehensive analyses characterizing tumor infiltrating Th17 cells and demonstrated that IL-17 is a positive prognostic marker of antitumor immune response in ovarian carcinomas.[@b50-itt-3-039] They showed that although no significant difference could be found between normal and cancer patient blood samples, the prevalence of Th17 among CD4^+^ T cells was much higher in tumor tissues. Th17 are recruited, induced, or expanded in the TME via the production of mediators by tumor and/or stromal cells. Interestingly, the detection of IL-17 (and not Th17 per se) in ovarian cancer ascites has been correlated with an increased survival of patients. The authors of this study made an elegant charinacterization of the infiltrating Th17 showing a lack of CD25, human leukocyte antigen (HLA)-DR, and granzyme, therefore distinguishing them from conventional effector cells. Of note, these Th17 cells produced IFN-γ, IL-2, and TNF-α, but no IL-10.[@b50-itt-3-039]

### Intratumoral IL-17 and chemokines

Kryczek et al found in their study that ovarian tumor cells produced CXCL9 and CXCL10, which recruited immune effectors into the tumor bed.[@b50-itt-3-039] No correlation was observed between Th17 and neutrophils, eosinophils, macrophages, or DC. They instead established a correlation with CD8^+^ T cells and NK infiltration, well known for their active participation in antitumor immune responses.[@b50-itt-3-039] Similar results have been described in esophageal squamous cell carcinoma (ESCC) and lung cancer.[@b65-itt-3-039],[@b73-itt-3-039],[@b74-itt-3-039] Though Lu et al did not characterize Th17 per se, they reported that the number of IL-17-producing cells correlated with a higher number of CD8^+^ T and NK cells invading the tumor area.[@b65-itt-3-039] Interestingly, they were able to positively link the number of IL-17-producing cells with the recruitment of CD1a^+^ DC, a mechanism that seems to be associated with the capacity of ESCC cells to produce CCL20 upon IL-17 stimulation.[@b65-itt-3-039] Patients showing a high density of CD1a^+^ DC were found to have a better survival. These results were in line with those obtained by Martin-Orozco et al, who discovered that the adoptive transfer of Th17 cells in a murine model of melanoma lung metastasis was related to the recruitment of DC in a CCL20/chemokine receptor 6 (CCR6)-dependent manner.[@b53-itt-3-039] In lung cancer, a high Th17 frequency detected in malignant pleural effusions was positively correlated with patients' survival,[@b74-itt-3-039] and CCL20 was shown to be a key chemotactic mediator produced by tumor cells in the recruitment of CCR6^+^ Th17.[@b74-itt-3-039] The positive association between IL-17 or Th17 and cancer patient survival demonstrated in these different types of cancers (ovarian, lung, and esophageal) is due to the role of IL-17 in shaping the chemokine milieu via its interaction with tumor cells or tumor-associated stromal cells (fibroblast or myeloid cells). On the one hand, IL-17 can promote the production of angiostatic CXCL9 and CXCL10 (and not VEGF) by ovarian cancer cells, but, on the other hand, IL-17 can induce the production of angiogenic VEGF, CXCL1, or CXCL8 (and repressed CXCL9 or CXCL10) in CRC cells.[@b75-itt-3-039],[@b76-itt-3-039] IL-17 in NSCLC patients was associated with detection of CXCL1, CXCL5, or CXCL8.[@b61-itt-3-039] Furthermore, the administration of recombinant CXCL10 improved the survival of NSCLC-bearing severe combined immunodeficiency (SCID) mice and injection of anti-CXCR2 (CXCL1, CXCL5, and CXCL8 receptor) mAb blocked the protumoral effect of IL-17.[@b61-itt-3-039],[@b77-itt-3-039] In concordance with these results, the density of pro-angiogenesis IL-17^+^ cells in CRC and NSCLC correlated with poor prognosis for these patients.[@b13-itt-3-039] Recently, a large intergene correlation study performed in CRC patients looking for genes highly associated with tumor-infiltrating memory T cells and effector T cells (antitumor immune signature) identified CXCL9 and CXCL10 genes at the top of the list.[@b78-itt-3-039] This finding concurred with the observation that IL-17, which does not induce the production of these angiostatic chemokines by CRC cells, is associated with poor prognosis in this type of malignancy.[@b13-itt-3-039] It is therefore tempting to postulate that knowing the sensitivity of the different tumor types to IL-17 may allow clinicians to predict whether infiltrating Th17 would be beneficial or deleterious for patient survival. Unfortunately, the pleiotropic IL-17 targets not only epithelial/tumoral cells but also stromal cells, including fibroblast (TAF), endothelial cells, and myeloid-derived cells, which can also polarize tumor immune responses toward tumor promotion or tumor eradication ([Figure 2](#f2-itt-3-039){ref-type="fig"}). TAF have been shown to promote tumor-associated angiogenesis when stimulated by IL-17 through the G-CSF-dependent recruitment of MDSC.[@b63-itt-3-039] IL-17 has also been found to be capable of directly activating the immunosuppressive function of MDSC and monocytes.[@b62-itt-3-039],[@b79-itt-3-039]

### Heterogeneity of intratumoral Th17

Th17 cells are functionally heterogeneous and different Th17 subsets may have a distinct impact on tumor progression. Zhao et al recently demonstrated that CCR4^+^CCR6^+^ Th17, but not CCR4^−^CCR6^+^ Th17, were able to inhibit the proliferation and IFN-γ production by CD8^+^ T cells in hepatocellular carcinoma (HCC) patients.[@b80-itt-3-039] This study was performed in the peripheral blood compartment and it would be informative to characterize these Th17 subsets in the tumor tissue and link their detection with antitumor immune responses. On this note, Zhang et al previously showed that, despite CCR6 expression by virtually all Th17 in blood and tumors of HCC patients, a higher proportion of them expressed CCR4 in the tumor tissue.[@b81-itt-3-039] Though the cohort included a relatively limited number of patients, they showed that CCR4 expression was significantly increased according to the stage of the disease. Here again, the expression of CCR4 and CCR6 on Th17 was associated with higher levels of CCL20 and CCL22 in tumor tissue compared to normal counterparts. This suggests that the density of Th17 cells and the differential representation of each Th17 subset in tumor tissue may be driven by a CCL20/CCL22-dependent recruitment mechanism. Therefore, additional functional markers (eg, CCR4 and CCR6) could be used to characterize intratumoral Th17 and further stratify the clinical value of their detection in tumors.[@b12-itt-3-039],[@b78-itt-3-039]

### IL17 and immune contexture

The nature and anatomic localization of IL-17^+^ cells in the tissue have also been recently appreciated as an important factor in determining clinical prognosis.[@b12-itt-3-039],[@b30-itt-3-039] There are numerous prospective clinical studies looking at the penetration of this subset of T helper cells in cancer tissues raising the concern of utilizing IL-17 detection versus Th17 cells as prognostic markers. Since IL-17 is produced by a variety of adaptive and innate immune cells, it seems that the characterization of IL-17^+^ cells, and not only Th17, should be performed ([Table 1](#t1-itt-3-039){ref-type="table"}). IL-17 mediates different types of effects depending on whether it is being produced by Th17, γδ-T cells, macrophages, or mast cells dictated by the nature of the cytokines and growth factors co-produced by these cells. Th17 cells are capable of producing other proinflammatory cytokines such as IL-21 or IFN-γ, which can attract immune effector cells (CTL and NK) to promote an antitumor immune response. In turn, macrophages can provide the TME with a variety of angiogenic (VEGF, TNF-α) and protumoral mediators (IL-6).[@b30-itt-3-039],[@b31-itt-3-039],[@b82-itt-3-039] Wang et al described that IL-17-producing mast cells in ESCC were mainly concentrated in the muscularis propria and their density predicted a better outcome of the disease by means of recruiting more effector CTL and macrophages to the area.[@b30-itt-3-039] This distribution of immune effector cells is different in CRC, where the IL-17^+^ cells accumulate in the lamina propria and indicate a poor prognosis.[@b13-itt-3-039] These reports show that not only the functional properties of IL-17 are important, but also that the context in which this proinflammatory cytokine is being produced is critical. Galon et al recently introduced the concept of immune contexture in cancer, which defines the density, functional polarization, localization (core versus invasive margin) of the immune infiltration.[@b83-itt-3-039] They demonstrated the profound impact of immune contexture on clinical outcome independently of the pathological stage in a large cohort of CRC specimens.[@b12-itt-3-039],[@b83-itt-3-039] Essentially, they found that the density of memory CD4^+^ T cells and memory CD8^+^ T cells in the core of CRC lesions was negatively correlated with tumor recurrence. In a following study, they established that the combined analysis of the expression of cytotoxic (*IFNG*, *TAP1*, and *GZMB*) and Th17 (*IL17a* and *RORC*)-related clusters of genes allows a better prediction of relapse.[@b13-itt-3-039] The detection of a Th17 cluster was associated with the expression of CCL24, but not CXCL9 or CXCL10.

In conclusion, IL-17 detection in the tumor site has a complex clinical significance. For that reason, its geographic localization in the neoplasm plus the concomitant characterization of functional markers including chemokines (CXCL9, CXCL10 versus CXCL1, CXCL5), receptors (eg, CCR4), cytokines (eg, IFN-γ), and lineage markers (eg, γδ-TCR or myeloid markers) might dramatically clarify and improve the prognostic value of IL-17.

Therapeutic perspectives of Th17 and IL-17 in cancer
----------------------------------------------------

It is only recently that we started to appreciate the functional diversity and plasticity of Th17 cells. The association of IL-17 and Th17 with a variety of chronic inflammatory disorders has led to the development of an increasing arsenal of inhibitors being tested in clinical trials to develop immunotherapies targeting the pathogenic IL-23/IL-17 axis.[@b84-itt-3-039],[@b85-itt-3-039] These trials have posted some success, especially in conditions such as psoriasis, ankylosing spondylitis, rheumatoid arthritis, and inflammatory bowel disease (IBD).[@b86-itt-3-039] However, no clinical trials specifically targeting IL-17 have yet been attempted as a treatment for cancer. As a result, therapeutic tools in the form of drugable blocking mAbs (humanized or fully human) or small-molecule inhibitors have flourished and are being interrogated for their clinical activity and toxicity profile (Phase I and II clinical trials; [Table 2](#t2-itt-3-039){ref-type="table"}). Recent results of clinical trials in inflammatory disorders should be used as leverage to test these tools in cancer immunotherapy. Obviously, two radically opposed strategies should be applied according to the type of cancer and the clinical impact of IL-17 in tumor progression: 1) blocking deleterious IL-17-driven inflammation in cases where IL-17 is associated with poor prognosis; or 2) promoting antitumor Th17 response in cases where IL-17 is associated with good prognosis.

Blocking IL-17/Th17
-------------------

Different approaches could be exploited to block protumoral effects of IL-17 adopting results extrapolated from the inflammatory disease immunotherapy field. The first option relies on the use of mAb blocking IL-17 or IL-17R and IL-23; the second choice consists of using small-molecule inhibitors that target key molecules in the IL-17 pathway (eg, STAT3 or ROR).

### Pharmacological blocking of IL-17 signaling (anti-IL17 and anti-IL17R mAbs)

IL-17 and related cytokines have been successfully targeted for the treatment of autoimmunity.[@b84-itt-3-039] A variety of clinical trials focused on hindering the proinflammatory properties of IL-17 in autoimmune disorders including psoriasis, IBD, sclerosis, and even in allergies. Whereas blockade of IL-17 or IL-17R is effective in the therapy of psoriasis, so far little benefit has been observed in Crohn's disease. These discrepancies between inflammatory disorders emphasize how complex the pathogenic role of IL-17 and Th17 is. Of note, blockade of IL-17 and IL-23 signaling pathways was shown to significantly decrease the incidence of colon tumors in experimental models of colitis-associated cancer related to chronic inflammatory disorders, and where IL-17 has been proven to be responsible in the promotion of tumorigenesis.[@b52-itt-3-039],[@b68-itt-3-039] On these grounds, it is reasonable to postulate that even though blockade of IL-17 (with or without blockade of IL-23) did not improve colitis in humans, it may decrease the long-term pathogenic effects of IL-17 on the epithelium, therefore reducing the CRC incidence in this patient population. Furthermore, considering that the IL-17/Th17 pathway has been linked to poor prognosis in CRC patients,[@b13-itt-3-039] it could be anticipated that the detection of an IL-17 signature in cancer lesions could render patients eligible for adjuvant anti-IL-17 and/or IL-23 immunotherapies.

### Blocking Th17 differentiation

Several protocols that could affect the Th17 polarization are already in place for the treatment of inflammatory disorders, like mAbs against IL-23 and IL-6R, or IL-1R antagonists and small-molecule inhibitors that target STAT3 ([Table 2](#t2-itt-3-039){ref-type="table"}). Given that IL-23 promotes the expansion and survival of Th17, blocking the IL-23 pathway is one of the possibilities to directly impact the IL-17 response and tumor development. However, just like IL-17 and Th17, the role of IL-23 should be considered according to the context of the cancer of origin. While IL-23 deficient mice have been shown to be resistant to carcinogen-induced skin cancer, IL-23-transduced DC-based vaccine can lead to strong antitumor responses with increased CD8^+^ cytotoxic T cell recruitment.[@b87-itt-3-039],[@b88-itt-3-039] A Phase II clinical trial of therapies targeting IL-12/p40, common to IL-12 and IL-23, showed encouraging results in the treatment of psoriasis, but rendered individuals with an increased susceptibility to infections.[@b84-itt-3-039] A Phase III randomized controlled trial that used the fully human IL-12/IL-23 mAb (briakinumab) in moderate-to-severe psoriasis reported that briakinumab was paradoxically associated with an increased risk of cancer, including non-melanoma skin cancer, although this increase was not statistically significant and not clearly linked to a direct effect of IL-12/IL-23 or the use of adjuvant phototherapy.[@b89-itt-3-039] A potential explanation could be that the blockade of IL-12 decreased antitumor immunosurveillance (IFN-γ, TH1, and CTL), leading to an increased risk of developing skin tumors. Accordingly, the use of a more specific mAb such as MK-3222 (IL-23 and IL-19 inhibitor), which should spare the IL-12/IFN-γ axis classically associated with antitumor response, appears more appropriate for the cancer immunotherapeutic approach. Anti-IL-6R mAb (tocilizumab) and IL-1Ra antagonist (anakinra) are also available in the clinical setting. However, despite being involved in Th17 polarization, IL-1 and IL-6 have been shown to be dispensable cytokines for effector Th17 cells.

Because the clinical impact of IL-17 detection in tumor is largely unknown, it is hard to predict whether blockade of IL-17 or inhibition of Th17 differentiation would bring any therapeutic benefit to patients, or if it would aggravate the disease. The use of these regimes would seem more applicable in reducing the incidence of cancer in patients already suffering from chronic inflammatory disorders (eg, IBD and CRC; dermatoses and skin cancers; pancreatitis and HCC). To our knowledge, the only listed cancer-related clinical trials targeting the IL-17 pathway are agents using the STAT3 inhibition route. Even though most of the trials listed in clinicaltrials. gov are not specifically targeting IL-17, these small-molecule inhibitors have been tested in numerous different types of hematopoietic-derived cancers and solid tumors. Admitting that most of these studies are incomplete, very limited benefits have been obtained. In certain clinical trials, like in the case of renal cell carcinoma (NCT00550277; a Phase II trial testing LBH589 for the treatment of patients with refractory clear cell renal carcinoma[@b90-itt-3-039]), no promising results were observed and the recruitment of the study was stopped. It is, however, fair to note that the effects of such treatment on IL-17 or Th17 infiltration were not documented. Nevertheless, one clinical trial using histone deacetylase (HDAC) inhibitors in patients with cutaneous T cell lymphomas (CTCL) and benign dermatoses is monitoring Th17 in cancer lesions (NCT01663571[@b91-itt-3-039]). HDAC inhibitors regulate STAT3 transcriptional activity and hence can potentially be active in CTCL through modulation of this proinflammatory pathway. The investigators will investigate whether HDAC inhibitors have a direct impact on the number of Th17 cells, the cytokine production by these cells, and phosphorylated STAT3 protein in CTCL with subsequent treatment cycles.

### Small-molecule inhibitors to oppose IL-17 production

Inhibitors of Th17 lineage transcription factors RORγt and RORα have beneficial anti-inflammatory effects in experimental models of inflammatory disease.[@b92-itt-3-039] These agents hold promise to dim the protumoral effect of IL-17 in certain types of cancers in which the detection of IL-17 has been associated with bad outcomes. SR1001, a high-affinity synthetic ligand that is specific to both RORα and RORγt and which inhibits Th17 cell differentiation and function, has been shown to inhibit sclerosis in animal models.[@b93-itt-3-039] Yet, attention should be paid to this drug due to its critical regulation in the hepatic metabolism. Vidofludimus (4SC-101) (NCT00820365[@b94-itt-3-039]: Crohn's disease or ulcerative colitis \[UC\]; NCT01010581[@b95-itt-3-039]: rheumatoid arthritis) is a potent inhibitor of human dihydroorotate dehydrogenase and of IL-17 secretion in vitro and in vivo. It was examined in several relevant animal models, showing beneficial effects in the case of acute colitis in mice with a coincidental decrement in IL-17A/A and A/F production.[@b96-itt-3-039] In fact, a Phase II trial in Crohn's disease using vidofludimus is being pursued as the next step. Tofacitinib (CP-690,550) inhibits JAK1, JAK3, STAT3, and IL-17 and it is being utilized in the treatment of rheumatoid arthritis, UC, and psoriasis. Despite the fact that both inhibitors have demonstrated a relatively good safety profile in clinical studies, the concern is that vidofludimus and tofacitinib also reduce IFN-γ secretion, an effect which could be detrimental in the treatment of cancer. Much further optimization of these small-molecule inhibitors should therefore be performed in preclinical and clinical studies to avoid undesirable side effects.

Interventions promoting IL-17/TH17
----------------------------------

### Adoptive transfer of TH17 or Tc17

In vitro polarized CD4 and CD8 T cells that produce IL-17 have been shown to have antitumor activity when adoptively transferred into tumor-bearing mice.[@b47-itt-3-039],[@b48-itt-3-039],[@b53-itt-3-039],[@b97-itt-3-039] However, whereas infusion of in vitro expanded CD8^+^ T cells in cancer patients has been intensively studied in clinical trials, there has been very little effort to use polarized CD4^+^ cells (including Th17) in the clinic because of their functional instability rendering their therapeutic efficiency relatively uncertain.[@b98-itt-3-039],[@b99-itt-3-039]

### Inhibition of IDO and arginase

Amino acid metabolism can profoundly affect immune cell function; two key amino acids in this respect are arginine and tryptophan. IDO metabolizes the essential amino acid L-tryptophan and arginase metabolizes arginine. High levels of either enzyme are associated with functional inhibition of T cells and other cell populations, such as DC. IDO overexpression is observed in a variety of human cancers and can be an independent adverse prognostic factor.[@b100-itt-3-039] IDO can also be induced in DC and macrophages in the TME by Treg cells. A specific small-molecule inhibitor of IDO, 1-methyl-tryptophan and a similar inhibitor for arginase, N-Methylarginine, are being studied preclinically and clinically. Sharma et al demonstrated that inhibition of IDO reprograms Treg toward Th17 in situ and increased CD8^+^ CTL.[@b41-itt-3-039] With this rationale, a combination of IDO-inhibitor drugs plus chemotherapy and perhaps immunotherapy could help block the reestablishment of suppressive activity by IDO in the tumor bed. Indoximod (1-methyl-D-tryptophan inhibitor) is currently being tested in refractory solid tumors including breast, lung, melanoma, and pancreatic malignancies (Phase I and II clinical trials). Alternatively, a study employing an IDO peptide vaccination in NSCLC patients was completed in a Phase I trial and results remain to be published (NCT01219348[@b101-itt-3-039]). Once again, these approaches are expected to be beneficial only in cancers in which Th17 detection is associated with a proper antitumor response and increased survival.

Conclusion
==========

The therapeutic strategies targeting IL-17 in cancer remain in their infancy, but a plethora of drugs, mainly developed to block IL-17/Th17 in inflammatory disorders, are already in place for clinical development.[@b84-itt-3-039],[@b92-itt-3-039] However, mixed results of clinical trials aiming at inhibiting the Th17/IL-17 pathway in inflammatory diseases, predict that cancer patients should be carefully selected for IL-17-targeted therapy. The complexity of targeting Th17 for therapeutic purpose is indeed illustrated by the lack of improvement of Crohn's disease when blocking IL-17, which even led to deterioration of the disease in some clinical trials. It appears that epigenetic and transcriptional modifications dictated by the TME and specific to each cancer may account for the functional plasticity of infiltrating Th17, making it difficult to predict the role of this cell subset in tumor progression (protumor versus antitumor). Therefore, before targeting the IL-17 pathway to treat cancer, a better understanding of the mechanisms involved in IL-17 bioactivities during tumor development is required for each type of cancer.

Accordingly, the prognostic value of Th17 in cancer is highly heterogeneous and must be integrated to the immune "contexture."[@b12-itt-3-039] A stratified selection of the patients based on the definition of multiple biomarkers and bioassays would help to improve clinical prognosis and personalize therapeutic decisions. Meanwhile, several recent studies reported that a polymorphism in *Il17*, but not *Il17f*, genes may influence the susceptibility in cancer, including cervical,[@b102-itt-3-039] breast,[@b103-itt-3-039] and gastric.[@b104-itt-3-039],[@b105-itt-3-039] Though yet limited, such genetic link between IL-17 and cancers may allow future routine testing to better evaluate the risk of cancer and the therapeutic response.
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![Differentiation and functional flexibility of Th17 in TME.\
**Notes:** DC "educate" naïve CD4^+^ T cells in the draining lymph nodes. DC produced TGF-β, IL-6, IL-23, and IL-1β, all necessary for Th17 development. Th17 cells accumulate in the TME through the production of cytokines such as CCL20 and CCL22. In the presence of IL-6 and low TGF-β, uncommitted Th0 cells differentiate into poorly pathogenic IL-10^+^ Th17. IL-23R is therefore upregulated, allowing IL-23 to stabilize the phenotype and induce the production of IFN-γ. In tumor tissues, effector memory T cells can be converted into Th17. APC such as DC and TAM are robust producers of IL-1β and IL-23, which are involved in the polarization of Th17 (IL-10^+^ non-pathogenic/protumoral versus IFN-γ^+^ pathogenic). Infiltrating Treg can differentiate into Th17 in the presence of IL-6, IL-1β, and IL-23.\
**Abbreviations:** APC, antigen-presenting cells; CCL, chemokine (C-C motif) ligand; CD, cluster of differentiation; DC, dendritic cells; Foxp3, forkhead box P3; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-γ, interferon gamma; IL, interleukin; RORγt, retinoic acid receptor related orphan receptor gamma; STAT3, signal transducer and activator of transcription 3; TAF, tumor associated fibroblast; TAM, tumor associated macrophage; TBET, T-box transcription factor; Th17, T helper 17 cells; TGF-β, transforming growth factor beta; TME, tumor microenvironment; Treg, regulatory T cells; Tum, tumor; Th0, Th cells.](itt-3-039Fig1){#f1-itt-3-039}

![Role of IL-17 in tumor progression.\
**Notes:** IL-17 in the TME initiates the recruitment of immune effectors through the induction of chemokines, cytokines, and growth factors secretion by tumor cells, tumor-infiltrating fibroblasts (TAF), and endothelial cells. IL-17 induces the production by tumor cells of CXCL9 and CXCL10, which recruit NK cells and CTL or CCL20, which recruits DC, to mediate antitumor immune response. IL-17 also triggers the production of CXCL1, CXCL5, and CXCL8 by other types of tumors and TAF to mediate pro-angiogenic activities. VEGF and PGE2, produced by tumor cells and TAF, also contribute to angiogenesis and tumor growth. G-CSF produced by tumor cells and TAF will impact the recruitment of myeloid progenitors and disturb local granulopoiesis, resulting in the accumulation of MDSC. Finally, IL-17/IL-17R interactions lead to the production of IL-6, an important tumor growth and survival factor, via the activation of the oncogenic STAT3.\
**Abbreviations:** CCL, chemokine (C-C motif) ligand; CTL, cytotoxic T lymphocytes; CXCL, chemokine (C-X-C motif) ligand; DC, dendritic cells; G-CSF, granulocyte colony-stimulating factor; IL, interleukin; MDSC, myeloid-derived suppressor cells; NK, natural killer; PGE2, prostaglandin E2; STAT3, signal transducer and activator of transcription 3; TAF, tumor associated fibroblasts; TAM, tumor associated macrophages; Th1, T helper 1; TME, tumor microenvironment; TNF, tumor necrosis factor; Treg, regulatory T cells; VEGF, vascular endothelial growth factor.](itt-3-039Fig2){#f2-itt-3-039}

###### 

List of experimental murine models analyzing the roles of IL-17/IL-23 in tumor immunity

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cancer type              Tumor tissue            Immune mediator   Functional analysis                                                                                                          Outcome    Statistics                                                                                                                                      Ref
  ------------------------ ----------------------- ----------------- ---------------------------------------------------------------------------------------------------------------------------- ---------- ----------------------------------------------------------------------------------------------------------------------------------------------- ------------------
  Melanoma                 B16                     Th17              Th17. Th1 for tumor eradication; IFN-γ-dependent                                                                             Positive   One-way ANOVA with Bonferroni correction (vitiligo)                                                                                             [@b47-itt-3-039]

  Melanoma                 B16                     Th17              Treg converted to Th17 by IL-6 from pDC\                                                                                     Positive   Tukey honestly significant difference test                                                                                                      [@b41-itt-3-039]
                                                                     Increased CD8+ T cells and antitumor effect                                                                                                                                                                                                                                             

  Melanoma                 B16                     Tc17              Adoptive transfer of Tc17; enhanced antitumor immunity                                                                       Positive   None                                                                                                                                            [@b93-itt-3-039]

  Melanoma                 B16-F10                 Th17              Adoptive transfer Th17 cells; CCL20-dependent DC and CTL recruitment; decreased tumor growth                                 Positive   Student's *t*-test, n=4--5 mice                                                                                                                 [@b53-itt-3-039]

  Melanoma                 B16                     IL-23             IL-23 as vaccine adjuvant; tumor-specific CD8+ T cell responses                                                              Positive   ANOVA-repeated measures test and Wilcoxon's rank-sum test; Nonparametric Kruskal--Wallis test; n=5                                              [@b88-itt-3-039]

  Colon                    MC38                    Th17/IL-17        Increased tumor growth in IL-17-deficient mice                                                                               Positive   Mann--Whitney U and χ^2^ tests; n=5                                                                                                             [@b55-itt-3-039]

  Ovarian                  ID8                     Th17              Increased tumor growth; myeloid cell recruitment                                                                             Negative   Two-tailed Student's *t*-test with Welch's correction or Mann--Whitney test; n=60                                                               [@b64-itt-3-039]

  Fibrosarcoma             CMS-G4                  IL-17/γδ-T        IL-17-producing γδ+ T cells promoted angiogenesis                                                                            Negative   Two-tailed Student's *t*-test (tumor volume); n=5                                                                                               [@b66-itt-3-039]

  Skin                     DMBA/TPA                IL-17             Decreased tumor in IL-17 KO mice; STAT3-dependent                                                                            Negative   Unpaired *t*-test (WT, n=19; IL-17−/−, n=11)                                                                                                    [@b54-itt-3-039]

  Melanoma                 B16 and MB49            Th17              Th17 promotes tumor growth; IL-6/STAT3-dependent                                                                             Negative   Unpaired *t*-test. Two-way ANOVA test (tumor growth)                                                                                            [@b60-itt-3-039]

  Cervical cancer          HeLa, IC1               IL-17             IL-17 increases tumor cell growth in nude mice                                                                               Negative   Mann--Whitney test (tumor size); n=8--10                                                                                                        [@b58-itt-3-039]

  NSCLC                    Variety cell lines      IL-17             CXCR2-dependent angiogenesis in SCID mice                                                                                    Negative   Unpaired two-tailed Student's *t*-test (tumor volume) n=7                                                                                       [@b61-itt-3-039]

  Multiple                 Variety cell lines      IL-17             IL-17 promotes tumor growth; MDSC recruitment                                                                                Negative   Two-tailed Student *t*-test; n=5                                                                                                                [@b62-itt-3-039]

  Multiple                 Variety of cell lines   IL-17             Resistance to anti-VEGF therapy via G-CSF-mediated MDSC recruitment                                                          Negative   Two-tailed Student's *t*-test; n=5--8                                                                                                           [@b63-itt-3-039]

  Fibrosarcoma, colon      MCA205, MC38            IL-17             IL-17 promotes angiogenesis via stimulation of vascular endothelial cell migration and induction of pro-angiogenic factors   Negative   Unpaired two-tailed Student's *t*-test; n=6--7                                                                                                  [@b57-itt-3-039]

  Melanoma Breast cancer   B16-F10 4T1             IL-17             PPARγ-induced SOCS3 prevents\                                                                                                Negative   Mann--Whitney U test and comparison of categorical data by Fisher's exact test                                                                  [@b67-itt-3-039]
                                                                     IL-17-mediated cancer growth                                                                                                                                                                                                                                                            

  Multiple                 Variety of cell lines   IL-23             IL-23 promotes tumor incidence and growth                                                                                    Negative   Student's *t*-test; Kruskal--Wallis test/Dunn's multiple comparison test/Tukey's multiple comparison test/Wilcoxon matched pairs test; n=3--7   [@b87-itt-3-039]
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** ANOVA, analysis of variance; CCL, chemokine (C-C motif) ligand; CTL, cytotoxic T lymphocytes; CXCR, chemokine (C-X-C motif) receptor; CD8, cluster of differentiation 8; DC, dendritic cells; DMBA, 7,12-dimethylbenz-alpha-anthracene; G-CSF, granulocyte colony-stimulating factor; IFN-γ, interferon gamma; IL, interleukin; KO, knockout; MDSC, myeloid-derived suppressor cells; NSCLC, non-small-cell lung carcinoma; pDC, plasmacytoid dendritic cells; PPARγ, peroxisome proliferator-activated receptor gamma; SCID, severe combined immunodeficiency; SOCS3, suppressor of cytokine signaling 3; STAT3, signal transducer and activator of transcription 3; Tc17, Th17 or IL-17-producing CD8^+^ T cells; Th, T helper; TPA, 12-O-tetradecanoyl-phorbol-13-acetate; Treg, regulatory T cells; VEGF, vascular endothelial growth factor.

###### 

List of studies in humans analyzing the links between cancer type and IL-17/Th17 detection

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cancer types           Biological samples        IL-17                                                                 Functional analysis                                      Outcome                                                    Statistics                                                Ref
  ---------------------- ------------------------- --------------------------------------------------------------------- -------------------------------------------------------- ---------------------------------------------------------- --------------------------------------------------------- -------------------
  Ovarian                Fresh tumor/FACS          Th17                                                                  Increased IFN-γ^+^ T cells                               N/A                                                        Positive correlation Th17 versus Th1 or CTL               [@b50-itt-3-039]

  Ascitis/ELISA          IL-17                     CXCL9, CXCL10 production by cancer cells                              Positive                                                 Kaplan--Meier (OS/IL-17); n=85                             [@b50-itt-3-039]                                          

  FFPE/IHC               IL-17                     Response to chemotherapy                                              Positive                                                 Multivariate Cox proportional; n=94                        [@b106-itt-3-039]                                         

  Colorectal             Frozen tissue/RT-PCR      IL-17 mRNA                                                            Th17-related cluster of genes (*Il17a*, *Rorc*, CCL24)   Negative                                                   Kaplan--Meier (DFS/Th17 cluster); n=125                   [@b13-itt-3-039]

  FFPE/IHC               None                                                                                                                                                                                                                                                                          

  FFPE/IHC, IF           IL-17^+^ MAC              Increased VEGF and MVD^a^                                             Negative                                                 Kaplan--Meier, log-rank test (OS/IL-17^+^); n=52           [@b75-itt-3-039]                                          

  Breast                 FFPE/IHC                  IL-17                                                                 N/A                                                      Negative                                                   Kaplan--Meier, log-rank test (DFS/IL-17^+^); n=207\       [@b107-itt-3-039]
                                                                                                                                                                                                                                             Uni--Multivariate Cox proportional                        

  Frozen tissue/RT-PCR   IL-17 mRNA                IL-17/Foxp3 correlation; CXCL8, VEGF (angiogenesis)                   Negative                                                 Spearman test; n=39                                        [@b108-itt-3-039]                                         

  Lung                   MPE,\* blood/FACS         Th17                                                                  CCR4^+^CCR6^+^ Th17; CCL20^+^ cells                      Positive                                                   Kaplan--Meier, log-rank test (OS/%IL-17); n=15\           [@b74-itt-3-039]
                                                                                                                                                                                                                                             Uni--Multivariate Cox proportional                        

  FFPE/IHC               IL-17                     Lymphatic vessel density                                              Negative                                                 Kaplan--Meier, log-rank test (OS, DFS/IL-17^+^); n=52\     [@b109-itt-3-039]                                         
                                                                                                                                                                                  Uni--Multivariate Cox proportional                                                                                   

  Serum/ELISA            IL-17                     Higher IL-17 in serum of NSCLC                                        Negative                                                 Correlation TNM/serum IL-17; n=60                          [@b110-itt-3-039]                                         

  Tissue/RT-PCR          IL17A mRNA                Promote metastasis in mice                                            Negative                                                 Correlation invasion/mRNA Il17a; n=18                                                                                

  ESCC\*                 FFPE/IHC                  IL-17                                                                 Recruitment of CD1a^+^ DC                                Positive                                                   Kaplan--Meier, log-rank test (OS/CD1a^+^ cells); n=181    [@b65-itt-3-039]

  FFPE/IHC               IL-17                     Recruitment of NK and CD8^+^ T cells                                  Positive                                                 Kaplan--Meier, log-rank test (OS/IL-17^+^ cells); n=181\   [@b73-itt-3-039]                                          
                                                                                                                                                                                  Uni--Multivariate Cox proportional                                                                                   

  FFPE/IHC, IF           IL-17^+^ mast cells       Recruitment of CD8^+^ T cells and macrophages in muscularis propria   Positive                                                 Kaplan--Meier, log-rank test (OS/IL-17^+^); n=215\         [@b30-itt-3-039]                                          
                                                                                                                                                                                  Multivariate Cox proportional                                                                                        

  Gastric                Blood, fresh tumor/FACS   IL-17                                                                 Tumor recruitment (versus blood)                         N/A                                                        Paired *t*-test (blood versus tumor)                      [@b71-itt-3-039]

  Serum/ELISA            IL-17                     None                                                                  Positive                                                 Paired *t*-test (blood versus tumor)\                      Kaplan--Meier (OS/serum IL-17); n=85\                     
                                                                                                                                                                                  Kaplan--Meier (OS/serum IL-17); n=85\                      Multivariate Cox proportional                             
                                                                                                                                                                                  Multivariate Cox proportional                                                                                        

  FFPE/IHC               IL-17                     No correlation IL-17^+^ and CD8^+^ cells                              Positive                                                 Kaplan--Meier (OS/IL-17^+^ cells); n=192\                  [@b72-itt-3-039]                                          
                                                                                                                                                                                  Multivariate Cox proportional                                                                                        

  NPC\*                  FFPE/IHC                  IL-17                                                                 GZB, Foxp3 expression                                    None                                                       Kaplan--Meier, log-rank test (OS, PFS/IL-17^+^); n=106\   [@b111-itt-3-039]
                                                                                                                                                                                                                                             Uni--Multivariate Cox proportional                        

  HCC\*                  Fresh tumor/FACS          Th17                                                                  Memory CCR4^+^CCR6^+^ Th17 in tumor                      N/A                                                        Linear regression (MVD/%Th17); n=28                       [@b81-itt-3-039]

  Frozen tissue/RT-PCR   IL-17                     CCL20 mRNA in tumor                                                   N/A                                                      N/A                                                                                                                  

  FFPE/IHC; frozen/IF                              CD4^+^/IL-17^+^ ; CD4^−^/IL-17^+^ cells                               Negative                                                 Kaplan--Meier, log-rank test (OS, DFS/IL-17^+^); n=108\                                                              
                                                                                                                                                                                  Multivariate Cox proportional                                                                                        

  FFPE/IHC               IL-17/IL-17RE             None                                                                  Negative                                                 Kaplan--Meier (OS, TTR/IL-17^+^ cells); n=300\             [@b112-itt-3-039]                                         
                                                                                                                                                                                  Multivariate Cox proportional                                                                                        
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** CCL, chemokine (C-C motif) ligand; CCR, chemokine receptor; CD, cluster of differentiation; CTL, cytotoxic T lymphocytes; CXCL, chemokine (C-X-C motif) ligand; DC, dendritic cells; DFS, disease-free survival; ELISA, enzyme-linked immunosorbent assay; ESCC, esophageal squamous cell carcinoma; FACS, fluorescence-activated cell sorting; FFPE, formalin-fixed paraffin embedded; Foxp3, forkhead box P3; GZB, granzyme B; HCC, hepatocellular carcinoma; IF, immunofluorescence; IFN-γ, interferon gamma; IHC, immunohistochemistry; IL, interleukin; IL-17RE, IL-17R subunit E; MAC, macrophage; MPE, malignant pleural effusion; mRNA, messenger RNA; MVD, microvessel density; N/A, not applicable; NK, natural killer; NPC, nasopharyngeal carcinoma; NSCLC, non-small-cell lung carcinoma; OS, overall survival; PFS, progression-free survival; RT-PCR, reverse transcription polymerase chain reaction; Th, T helper; TNM, tumor-node-metastase classification; TTR, time to recurrence; VEGF, vascular endothelial growth factor.

###### 

Drugs affecting IL-17 and Th17 functions in preclinal and clinical development

  -----------------------------------------------------------------------------------------------------------------------------
  Drugs          Properties         Company                             Applications
  -------------- ------------------ ----------------------------------- -------------------------------------------------------
  Secukinumab    Anti-IL-17A\       AIN457 (Novartis)                   Psoriasis, RA, MS, ankylosing spondylitis (Phase III)
                 Humanized mAb                                          

  Ixekizumab     Anti-IL-17A\       Ly2439821 (Eli Lilly)               Psoriasis, RA, ankylosing spondylitis (Phase II)
                 Humanized mAb                                          

  Brodalumab     Anti-IL-17R\       AMG-827 (Amgen)                     Psoriasis, RA, asthma (Phase II)
                 Human mAb                                              

  Briakinumab    Anti-IL-12/p40\    ABT-874 (Abbott)                    Withdrawn
                 Human mAb                                              

  Ustekinumab    Anti-IL-12/p40\    Stelara^®^ (Janssen Biotech Inc)    Psoriasis, psoriasis arthritis
                 Human mAb                                              

  MP-196         IL-23/p19          Effimune                            N/A

  Tocilizumab    Anti-IL-6R\        Actemra^®^ (Genentech)              RA
                 Humanized mAb                                          

  Anakinra       IL-1R antagonist   Kineret^®^ (Amgen)                  RA, NOMID

  OPB-31121      STAT3 inhibitor    OPB-31121 (Otsuka Pharmaceutical)   Advanced cancer (Phase I)

  OPB-51602      STAT3 inhibitor    OPB-51602 (Otsuka Pharmaceutical)   Advanced cancer (Phase I)

  AZD9150        STAT3 inhibitor    AZD9150 (ISIS Pharmaceutical)       Advanced cancer, lymphoma, HCC (Phase I/II)

  SR1001         ROR inhibitor      Preclinical development             N/A

  Vidofludimus   DHODH inhibitor    4SC-101 (4SCAG)                     Crohn's disease, UC (Phase II)

  Tofacitinib    JAK inhibitor      Xeljanz^®^ (Pfizer)                 RA

  Vorinostat     HDAC inhibitor     Zolinza^®^ (Merck)                  CTCL

  Romidepsin     HDAC inhibitor     Istodax^®^ (Celgene)                CTCL
  -----------------------------------------------------------------------------------------------------------------------------

**Notes:** Secukinumab: Novartis International AG, Switzerland; Ixekizumab: Eli Lilly and Company, Indianapolis, IN, USA; Brodalumab: Amgen, Thousand Oaks, CA, USA; Briakinumab: Abbott Park, North Chicago, IL, USA; Ustekinumab: Janssen Biotech, Inc., CA, USA; MP-196: Effimune, Nantes, France; Tocilizumab: Actemra^®^ (Genentech), CA, USA; Anakinra: Amgen; OPB-31121: Otsuka Pharmaceutical, Tokyo, Japan; OPB-51602: Otsuka Pharmaceutical; AZD9150: Isis Pharmaceuticals Inc., San Diego, CA, USA; Vidofludimus: 4SC, Munich, Germany; Tofacitinib: Xelianz^®^ (Pfizer), New York, NY, USA; Vorinostat: Zolinza^®^ (Merck), Rahway, NJ, USA; Romidepsin: Istodax^®^ (Celgene), Summit, NJ, USA.

**Abbreviations:** CTCL, cutaneous T cell lymphoma; DHODH, dihydroorotate dehydrogenase; HCC, hepatocellular carcinoma; HDAC, histone deacetylase; IL, interleukin; JAK, Janus kinase; mAb, monoclonal antibody; MS, multiple sclerosis; N/A, not applicable; NOMID, neonatal onset multisystem inflammatory disease; RA, rheumatoid arthritis; ROR, retinoic acid receptor related orphan receptor; STAT3, signal transducer and activator of transcription 3; UC, ulcerative colitis.
